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Motivated by D-brane model building, we evaluate the F-SU(5) model with additional vector-like
particle multiplets, referred to as flippons, within the framework of No-Scale Supergravity with non-
vanishing general supersymmetry breaking soft terms at the string scale. The viable phenomenology
is uncovered by applying all current experimental constraints, including but not limited to the correct
light Higgs boson mass, WMAP and Planck relic density measurements, and several LHC constraints
on supersymmetric particle spectra. Four interesting regions of the parameter space arise, as well as
mixed scenarios, given by: (i) light stop coannihilation; (ii) pure Higgsino dark matter; (iii) Higgs
funnel; and (iv) light stau coannihilation. All regions can generate the observed value of the relic
density commensurate with a 125 GeV light Higgs boson mass, with the exception of the relatively
small relic density value for the pure Higgsino lightest supersymmetric particle (LSP). This work is
concluded by gauging the model against present LHC search constraints and derivation of the final
states observable at the LHC for each of these scenarios.
PACS numbers: 11.10.Kk, 11.25.Mj, 11.25.-w, 12.60.Jv
INTRODUCTION
Successful confirmation of the Standard Model (SM)
was celebrated when the lightest CP-even Higgs boson
with mass mh = 125.09 ± 0.24 GeV was discovered at
the LHC in 2012 [1, 2]. Despite the memorable occa-
sion, severe anomalies persisted in the SM, for instance,
the gauge hierarchy problem, conspicuous absence of
gauge coupling unification, and lack of a plausible dark
matter candidate, just to highlight a few. Beyond the
SM (BSM) theories, and supersymmetry in particular,
can rescue high-energy physics from these SM deficien-
cies. Supersymmetry (SUSY) can solve the gauge hier-
archy problem and produce gauge coupling unification.
In supersymmetric SMs (SSMs), the large top quark
Yukawa coupling can radiatively break electroweak (EW)
gauge symmetry. The lightest supersymmetric particle
(LSP) neutralino (χ˜01) can serve as a viable dark mat-
ter candidate in SSMs with R-parity. Of particular sig-
nificance, gauge coupling unification strongly suggests
Grand Unified Theories (GUTs), and SUSY GUTs can
be elegantly constructed from superstring theory. Super-
symmetry thus provides rather auspicious new physics
beyond the SM, beautifully merging low energy phe-
nomenology with high-energy fundamental physics. De-
spite the successful intervention SUSY can inject into
high-energy physics, it remains considerably challenging
to obtain a light Higgs boson mass around 125 GeV in the
Minimal SSM (MSSM) without embracing either multi-
TeV top squarks with small mixing or TeV-scale top
squarks with large mixing [3]. Compounding the effort
are the strong constraints on the SSM viable parameter
space established by the LHC SUSY searches. Princi-
pally among those LHC constraints are the masses for
the gluino (g˜) and light stop (t˜1), where the nominal ex-
clusion curves imply the masses are heavier than about
1.9 TeV and 900 GeV, respectively [4], indicating that an
electroweak fine-tuning problem may potentially lurk in
SUSY.
The aforementioned threats to developing effective
BSM constructions notwithstanding, string theory per-
severes as one of the most promising theories for quan-
tum gravity. As opposed to the conventional unification
at the GUT scale realized in the typical SUSY GUT, we
proposed the testable flipped SU(5)×U(1)X models [5–7]
with additional TeV-scale vector-like particles [8], which
we colorfully dubbed flippons, to obtain gauge coupling
unification at the string scale. Subsequently, we further
constructed this class of flipped SU(5) models from lo-
cal F-theory model building [9, 10]. These flipped SU(5)
models with extra vector-like multiplets can be realized
in free-fermionic string constructions also [11], hence we
denoted them F -SU(5). Let’s enumerate the “Mira-
cles” [12] of the flippons in F -SU(5):
2(1) The lightest CP-even Higgs boson mass can be eas-
ily lifted to 125 GeV due to one-loop contributions from
the Yukawa couplings between the flippons and Higgs
fields [12, 13].
(2) It is well-known that dimension-five proton decays
mediated by colored Higgsinos are highly suppressed
due to the missing partner mechanism and TeV-scale
µ term in the flipped SU(5) × U(1)X models. In F -
SU(5), the SU(3)C × SU(2)L gauge couplings do in fact
unify at the traditional GUT scale while the two uni-
fied gauge couplings increase as a result of the vector-
like particle contributions [14, 15]. Therefore, dimension-
six proton decays via heavy gauge boson exchanges are
within the reach of the future proton decay experiments
such as the Hyper-Kamiokande experiment. More con-
cisely, F -SU(5) models differ from the minimal flipped
SU(5) × U(1)X model since the proton lifetime in the
minimal model is too lengthy for future proton decay ex-
periments.
(3) The lightest neutralino serves as the LSP and is
lighter than the light stau attributable to the longer run-
ning of the Renormalization Group Equations (RGEs) in
No-Scale supergravity [16], allowing the LSP neutralino
to prevail as a dark matter candidate [17–19]. More
acutely, No-Scale F -SU(5) yields the uncommon mass
hierarchy M(t˜1) < M(g˜) < M(q˜) of a light stop and
gluino both substantially lighter than all other squarks
(q˜) [17–19]. The net effect of this rare SUSY spectrum is
the production of four top quarks, leading to large mul-
tijet events at the LHC [20].
(4) An alliance between No-Scale supergravity and the
Giudice-Masiero (GM) mechanism [21] allows the SUSY
electroweak fine-tuning problem to be resolved natu-
rally [22, 23].
Several prior No-Scale F -SU(5) analyses have inti-
mately examined vanishing SUSY breaking soft terms
with the exception of a single unified gaugino parameter
M1/2 (see, for example, Refs. [12, 24, 25]). To comple-
ment those prior sweeping studies, we now consider in
this paper non-zero general SUSY breaking soft terms in
No-Scale F -SU(5), partially inspired by D-brane model
building [26]. The low-energy particle spectra will be
examined that are consistent with all the current ex-
perimental constraints, and interesting diverse regions of
the parameter space that can generate the observed dark
matter relic density and correct light Higgs boson mass,
in addition to several other currently operating experi-
ments, will be identified and analyzed discretely to derive
low-energy phenomenology. Finally, benchmarks models
will be classified and branching fractions computed to
itemize the final states observable at the LHC.
THE F-SU(5) MODEL
Here we only briefly review the minimal flipped SU(5)
model [5–7], where the gauge group SU(5)×U(1)X can be
embedded into the SO(10) model. More comprehensive
discussions of the minimal flipped SU(5) model can be
found in Refs. [12, 20, 23, 24, 27] and references therein.
We define the generator U(1)Y ′ in SU(5) as
TU(1)Y′ = diag
(
−
1
3
,−
1
3
,−
1
3
,
1
2
,
1
2
)
, (1)
and subsequently the hypercharge is given by
QY =
1
5
(QX −QY ′) . (2)
We have three families of the SM fermions whose quan-
tum numbers under SU(5)× U(1)X are respectively
Fi = (10,1), f¯i = (5¯,−3), l¯i = (1,5), (3)
where i = 1, 2, 3. The SM particle assignments in Fi, f¯i
and l¯i are
Fi = (Qi, D
c
i , N
c
i ), f i = (U
c
i , Li), li = E
c
i , (4)
where Qi, U
c
i , D
c
i , Li, E
c
i and N
c
i are the left-handed
quark doublets, right-handed up-type quarks, down-
type quarks, left-handed lepton doublets, right-handed
charged leptons, and neutrinos, respectively. Genera-
tion of the heavy right-handed neutrino masses is accom-
plished by introduction of three SM singlets φi.
Breaking the GUT and electroweak gauge symmetries
is achieved via introduction of the two pairs of Higgs
representations
H = (10,1), H = (10,−1),
h = (5,−2), h = (5¯,2). (5)
The states in the H multiplet are labeled by the same
symbols as in the F multiplet, and for H we merely add
“bar” above the fields. Explicitly, the Higgs particles are
H = (QH , D
c
H , N
c
H) , H = (QH , D
c
H , N
c
H) , (6)
h = (Dh, Dh, Dh, Hd) , h = (Dh, Dh, Dh, Hu) , (7)
where Hd and Hu are one pair of Higgs doublets in the
MSSM.
The SU(5) × U(1)X gauge symmetry is broken down
to the SM gauge symmetry by the following Higgs super-
potential at the GUT scale
W GUT = λ1HHh+ λ2HHh+Φ(HH −M
2
H) . (8)
Only one F-flat and D-flat direction exists, which can
be rotated along the N cH and N
c
H directions. Hence, we
3obtain < N cH >=< N
c
H >= MH. Furthermore, the su-
perfields H and H are “eaten” and acquire substantial
masses via the supersymmetric Higgs mechanism, with
the exception of DcH and D
c
H . Additionally, the super-
potential terms λ1HHh and λ2HHh couple D
c
H and D
c
H
respectively with Dh and Dh, forming massive eigen-
states with masses 2λ1 < N
c
H > and 2λ2 < N
c
H >.
As a result, we naturally experience the doublet-triplet
splitting due to the missing partner mechanism [7]. The
triplets in h and h though only have a small mixing
through the µ term, and as such, the colored Higgsino-
exchange mediated proton decay is negligible, i.e., there
is no dimension-5 proton decay problem.
To realize string-scale gauge coupling unification [8–
10], we introduce the following vector-like particles (flip-
pons) at the TeV scale
XF = (10,1) , XF = (10,−1) ,
Xl = (1,−5) , Xl = (1,5) . (9)
The particle content from the decompositions of XF ,
XF , Xl, and Xl under the SM gauge symmetry are
XF = (XQ,XDc, XN c) , XF = (XQc, XD,XN) ,
Xl = XE , Xl = XEc . (10)
The quantum numbers for the extra vector-like particles
under the SU(3)C × SU(2)L × U(1)Y gauge symmetry
are
XQ = (3,2,
1
6
) , XQc = (3¯,2,−
1
6
) , (11)
XD = (3,1,−
1
3
) , XDc = (3¯,1,
1
3
) , (12)
XN = (1,1,0) , XN c = (1,1,0) , (13)
XE = (1,1,−1) , XEc = (1,1,1) . (14)
The superpotential is
WYukawa = y
D
ijFiFjh+ y
Uν
ij Fif jh+ y
E
ij lif jh
+µhh+ yNij φiHFj +M
φ
ijφiφj
+yXFXFXFh+ yXFXFXFh
+MXFXFXF +MXlXlXl , (15)
and after the SU(5)× U(1)X gauge symmetry is broken
down to the SM gauge symmetry, the above superpoten-
tial gives
WSSM = y
D
ijD
c
iQjHd + y
Uν
ji U
c
iQjHu + y
E
ijE
c
iLjHd
+yUνij N
c
i LjHu + µHdHu + y
N
ij 〈N
c
H〉φiN
c
j
+yXFXQXD
cHd + yXFXQ
cXDHu
+MXF (XQ
cXQ+XDcXD)
+MXlXE
cXE +Mφijφiφj
+ · · · (decoupled below MGUT ). (16)
where yDij , y
Uν
ij , y
E
ij , y
N
ij , yXF , and yXF are Yukawa
couplings, µ is the bilinear Higgs mass term, and Mφij ,
MXF and MXl are masses for new particles. These new
particles are of course our flippons, however, we shall
not explicitly compute the masses Mφij , MXF ,and MXl
here in this work, reserving that project for a future
date. Nonetheless, we do implement a common mass
decoupling scale MV for the flippon vector-like parti-
cles. Current LHC constraints on vector-like T and B
quarks [28] provide lower limits of around 855 GeV for
our (XQ, XQc) vector-like flippons and 735 GeV for our
(XD, XDc) vector-like flippons. Accordingly, we estab-
lish our lowerMV limit atMV ≥ 855 GeV to ensure com-
plete coverage of all experimentally viable flippon masses
in our analysis.
As summarized in the prior section, the split-
unification of flipped SU(5) [5–7] provides for fundamen-
tal GUT scale Higgs representations (not adjoints), natu-
ral doublet-triplet splitting, suppression of dimension-five
proton decay [29], and a two-step see-saw mechanism for
neutrino masses [30, 31]. Additions to the one-loop gauge
β-function coefficients bi to include contributions from
the vector-like flippon multiplets induce the necessary
flattening of the SU(3) Renormalization Group Equa-
tion (RGE) running (b3 = 0) [17], translating into a clear
separation between the primary SU(3)C ×SU(2)L unifi-
cation near 1016 GeV and the secondary SU(5)×U(1)X
unification at around 5×1017 GeV, which we define as the
MF scale, thus elevating unification to near the Planck
mass. At the primary SU(3)C ×SU(2)L unification near
1016 GeV, the M2 and M3 gaugino mass terms are uni-
fied into a single term that we refer to as M5 [32], where
M5 =M2 =M3 between the primary unification around
1016 GeV and the secondary SU(5)× U(1)X unification
near 5×1017 GeV [17]. The M1 gaugino mass term runs
up to the secondary SU(5) × U(1)X unification at MF
and unifies with M5, by means of a slight shift due to
U(1)X flux effects [32] between the primary unification
around 1016 GeV and the secondary SU(5)×U(1)X uni-
fication at MF [17]. Given this shift, we refer to the M1
gaugino mass term above the primary unification around
1016 GeV as M1X [32]. The resulting baseline extension
for logarithmic running of the No-Scale boundary condi-
tions permits sufficient scale for natural dynamic evolu-
tion down to viable phenomenology at the electroweak
scale. It is this associated flattening of the color-charged
gaugino mass scale that produces the distinctive mass
texture ofM(t˜1) < M(g˜) < M(q˜), generating a light stop
and gluino that are lighter than all other squarks [12].
Therefore, the most general supersymmetry breaking
soft terms at the scale MF in our F -SU(5) model are
M5, M1X , MUcL, MEc , MQDcNc , MHu , MHd , Aτ , At,
and Ab. General supersymmetry breaking soft terms of
these type are partially inspired by D-brane model build-
ing [26], where Fi, f i, li, and h/h arise from intersections
4TABLE I: The F-SU(5) general SUSY breaking soft terms, in addition to the vector-like flippon decoupling scale MV , the low
energy ratio of Higgs vacuum expectation values (VEVs) tanβ, and top quark mass Mt, for the four regions of the model space
we study in this work. Each benchmark point is identified with an alphabetical label in order to link the data in TABLE I
with the data in TABLES II - III. All masses are in GeV.
Model benchmark M5 M1X MUcL MEc MQDcNc MH Aτ At Ab MV tanβ Mt
Stop Coannihilation A 1650 3125 2142 1158 3125 175 3125 −4850 1250 16250 17.58 174.43
Stop Coannihilation B 1800 3275 325 3275 3275 1308 325 −4550 −1500 16550 42.74 171.85
Stop Coannihilation C 2325 3800 850 2817 2325 3800 2600 −3500 2600 17600 24.33 174.56
Pure Higgsino D 1700 4650 3667 3667 1700 2683 1250 4300 −1800 4055 32.83 173.43
Pure Higgsino E 2050 5000 3525 5000 5000 5000 −1100 1950 −1100 4755 48.16 174.80
Pure Higgsino F 2375 3850 2867 3850 2375 3850 −350 2700 −350 2455 36.66 173.26
Higgs Funnel G 1500 2975 4450 2483 2975 2483 550 3600 −2500 3655 30.83 173.38
Higgs Funnel H 1750 3225 3225 2242 275 1258 275 1450 −1600 16450 30.41 173.14
Higgs Funnel I 2300 3775 3775 2792 825 2792 3775 2550 −500 9928 35.91 173.25
Stau Coannihilation J 1600 1600 125 1108 1600 1108 125 −1900 1150 16150 28.91 173.11
Stau Coannihilation K 2175 3650 700 1683 700 2667 −750 2300 2300 9678 46.49 171.92
Stau Coannihilation L 2625 4100 1150 3117 2625 1150 −2900 −2900 3200 2955 50.99 172.01
TABLE II: Relevant SUSY spectrum masses for the F-SU(5) general SUSY breaking soft terms of TABLE I. The soft SUSY
breaking terms that generate each of these spectra can be identified by the alphabetical label. A † symbol in the light Higgs
boson massmh column represents the theoretically computed value consisting of only the 1-loop and 2-loop SUSY contributions,
primarily from the coupling to the light stop, but does not include any vector-like flippon contributions, whereas a †† symbol
represents the 1-loop and 2-loop SUSY contributions plus the maximum vector-like flippon contribution. All masses are in
GeV.
Model Benchmark M(χ˜01) M(χ˜
0
2) M(χ˜
±
1
) M(τ˜±
1
) M(t˜1) M(u˜R) M(g˜) mh M(H
0/A0)
Stop Coannihilation A 693 781 781 1080 729 3759 2225 127.34† 4484
Stop Coannihilation B 728 850 850 2058 766 3727 2397 125.85† 3927
Stop Coannihilation C 862 1105 1105 2418 895 4370 3020 127.60† 5134
Pure Higgsino D 188 −198 192 3729 3012 4695 2246 126.73†† 1268
Pure Higgsino E 411 −421 415 3241 3586 5591 2726 126.21† 1794
Pure Higgsino F 374 −383 378 3482 3699 5293 3068 125.99† 2811
Higgs Funnel G 621 679 679 3326 3556 4909 2028 127.18†† 1316
Higgs Funnel H 717 824 824 3045 2729 4172 2337 124.87†† 1449
Higgs Funnel I 840 1068 1068 3435 3564 5239 2989 124.67† 1739
Stau Coannihilation J 362 749 749 365 1248 2937 2121 126.77† 3110
Stau Coannihilation K 799 918 912 802 2729 3985 2805 125.62†† 1781
Stau Coannihilation L 870 1177 1177 876 2632 5148 3278 126.43† 4179
TABLE III: Relic density (Ωh2), rare decay processes (∆aµ, Br(b → sγ), Br(B0s → µ+µ−), rescaled dark matter direct-
detection cross sections (σSI , σSD), and p→ e+pi0 proton decay rates (τp) for the F-SU(5) general SUSY breaking soft terms
of TABLE I. The soft SUSY breaking terms that generate each of these values can be identified by the alphabetical label. The
σSI and σSD cross-sections have been rescaled in accordance with Eq. (17). The numerical values given for ∆aµ are ×10−10,
Br(b → sγ) are ×10−4, Br(B0s → µ+µ−) are ×10−9, rescaled spin-independent cross-sections σSI are ×10−11 pb, rescaled
spin-dependent cross-sections σSD are ×10−9 pb, and proton decay rate τp are ×1035 yrs.
Model Benchmark Ωh2 ∆aµ Br(b→ sγ) Br(B
0
s → µ
+µ−) σSI σSD τp LSP
Stop Coannihilation A 0.1115 0.40 3.56 3.16 0.1 0.1 3.9 > 99% Bino
Stop Coannihilation B 0.1219 1.02 3.45 3.57 0.1 0.1 5.9 > 99% Bino
Stop Coannihilation C 0.1045 0.60 3.47 3.20 0.6 1.0 2.7 > 99% Bino
Pure Higgsino D 0.0052 0.74 3.72 2.90 34 1471 0.3 > 99% Higgsino
Pure Higgsino E 0.0198 0.99 3.64 3.08 125 1484 0.8 > 98% Higgsino
Pure Higgsino F 0.0170 0.93 3.57 3.04 77 1305 0.4 > 98% Higgsino
Higgs Funnel G 0.1194 0.57 3.71 3.10 15 40.8 2.0 > 99% Bino
Higgs Funnel H 0.1193 0.76 3.61 3.38 6.4 13.2 2.6 > 99% Bino
Higgs Funnel I 0.1210 0.77 3.60 3.27 46 112 1.8 > 99% Bino
Stau Coannihilation J 0.1189 1.81 3.44 3.26 0.3 1.1 2.9 > 99% Bino
Stau Coannihilation K 0.1202 2.51 3.47 3.54 940 2746 1.3 > 93% Bino
Stau Coannihilation L 0.1176 0.79 3.49 3.65 0.1 0.1 4.4 > 99% Bino
5of different stacks of D-branes. Consequently, the corre-
sponding supersymmetry breaking soft mass terms and
trilinear A terms will be different, while MHu is equal to
MHd . Even though the Yukawa terms HHh and HHh of
Eq. (8) and FiFjh, XFXFh, and XFXFh of Eq. (15)
are forbidden by the anomalous global U(1) symmetry of
U(5), we might generate these Yukawa terms from high-
dimensional operators or instanton effects. Unlike the
SU(5) models, the Yukawa term FiFjh in the F -SU(5)
model gives down-type quark masses, so their Yukawa
couplings can be small and can be generated via high-
dimensional operators or instanton effects.
NUMERICAL METHODOLOGY
The general SUSY breaking soft terms M5, M1X ,
MUcL, MEc , MQDcNc , MHu =MHd =MH , Aτ , At, and
Ab are applied at the MF scale near MF ≃ 5× 10
17 GeV
(in contrast to the traditional GUT scale of about
1016 GeV in the MSSM), in addition to tanβ, the vector-
like flippon mass decoupling scaleMV , and the top quark
mass Mt. The parameter space is sampled within the
limits 100 ≤ M5 ≤ 5000 GeV, 100 ≤ M1X ≤ 5000 GeV,
100 ≤ MUcL ≤ 5000 GeV, 100 ≤ MEc ≤ 5000 GeV,
100 ≤ MQDcNc ≤ 5000 GeV, −5000 ≤ Aτ ≤ 5000 GeV,
−5000 ≤ At ≤ 5000 GeV, −5000 ≤ Ab ≤ 5000 GeV,
2 ≤ tanβ ≤ 60, and 855 ≤MV ≤ 20, 000 GeV. A reason-
able tolerance of the top quark mass is permitted around
the world average [33], employing upper and lower limits
of 171.8 ≤Mt ≤ 174.8 GeV. The WMAP 9-year [34] and
2015 Planck [35] relic density measurements are imple-
mented, such that we constrain the model to satisfy both
sets of data and allow the inclusion of multi-component
dark matter beyond the neutralino, imposing limits of
Ωh2 ≤ 0.1221. We will further identify the subset of
points that are consistent with the recently released 2018
Planck observation [36] of Ωh2 = 0.120± 0.001. Regard-
ing LHC gluino searches, a firm lower limit is imposed on
the gluino mass ofM(g˜) ≥ 1.6 TeV, allowing for a reason-
able lower boundary under all the LHC gluino searches.
The light Higgs boson mass theoretical calculation is
allowed to float around the experimental central value of
mh = 125.09 GeV, though we do enforce a larger range
of 123 ≤ mh ≤ 128 GeV to account for a 2σ experimen-
tal uncertainty over and above a theoretical uncertainty
of 1.5 GeV in our computations. The actual numeri-
cal value of the flippon Yukawa coupling remains an un-
known, hence we permit the Yukawa coupling to range
from a minimum value to its maximum in our light Higgs
boson mass computations. A minimal flippon Yukawa
coupling does not allow any vector-like flippon contribu-
tions, as the light Higgs boson mass in this case is then
comprised of only the 1-loop and 2-loop SUSY contribu-
tions, chiefly from the coupling to the light stop. A max-
imum flippon Yukawa coupling implies the (XD, XDc)
flippon Yukawa coupling is fixed at YXD = 0 and the
(XU, XU c) flippon Yukawa coupling is set at YXU = 1,
with the (XD, XDc) flippon trilinear coupling A term
set at AXD = 0 and the (XU, XU
c) A term fixed at
AXU = AU = A0 [12, 13]. When necessary, we shall
choose the maximum flippon Yukawa coupling in order
to lift the light Higgs boson mass up to its observed value.
However, some points in the model space can reach the
Higgs boson observed value with no flippon contribution,
thus we choose the minimal coupling in these instances.
Regardless of our choice for the numerical value of the
flippon Yukawa coupling, the calculation must return a
value within 123 ≤ mh ≤ 128 GeV. For our chosen bench-
marks points that are meant to be sufficiently represen-
tative of the model space, we will clearly annotate as to
whether the given light Higgs boson mass consists of the
minimum or maximum flippon Yukawa coupling.
The model space is additionally constrained via rare
decay, direct dark matter detection, and proton decay
experimental results. The rare decay experimental con-
straints include the branching ratio of the rare b-quark
decay of Br(b → sγ) = (3.43 ± 0.21stat ± 0.24th ±
0.07sys) × 10−4 [37], the branching ratio of the rare B-
meson decay to a dimuon of Br(B0s → µ
+µ−) = (2.9 ±
0.7± 0.29th)× 10−9 [38], and the 3σ intervals around the
Standard Model result and experimental measurement of
the SUSY contribution to the anomalous magnetic mo-
ment of the muon of −17.7 × 10−10 ≤ ∆aµ ≤ 43.8 ×
10−10 [39]. Direct dark matter detection constraints
encompass limits on spin-independent cross-sections for
neutralino-nucleus interactions established by the Large
Underground Xenon (LUX) experiment [40], PandaX-II
Experiment[41], and XENON100 Collaboration [42], and
limits on the proton spin-dependent cross-sections by the
COUPP Collaboration [43] and XENON100 Collabora-
tion [44]. Finally, we assess our SU(5)×U(1)X grand uni-
fication against the current limits of about 1.7× 1034 yrs
on the proton decay rate p→ e+pi0 [45].
A total of 110 million points were randomly sampled
in scans implementing the SU(5) × U(1)X MF scale
boundary conditions, with only about 37,000 of those
points surviving the applied constraints. The SUSY mass
spectra, relic density, rare decay processes, and direct
dark matter detection cross-sections are calculated with
MicrOMEGAs 2.1 [46] utilizing a proprietary mpi modifi-
cation of the SuSpect 2.34 [47] codebase to run flippon
and General No-Scale F -SU(5) enhanced RGEs, employ-
ing non-universal soft supersymmetry breaking parame-
ters at theMF scale. Supersymmetric particle decays are
computed with SUSY-HIT 1.5a [48]. The Particle Data
Group [49] world average for the strong coupling con-
stant is αS(MZ) = 0.1181±0.0011 at 1σ, and we assume
a value in this work of αS = 0.1184.
A total of 12 viable benchmark points are chosen to be
reasonably representative of the model space for a given
set of parameters (M5,M1X ,MUcL,MEc ,MQDcNc ,MH ,
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FIG. 1: Light stop mass M(t˜1) as a function of the lightest neutralino mass M(χ˜
0
1) for the four regions of the model space
we study in this work. The stop coannihilation strip can be observed in the upper left plot space. Notice that there is no
intersection between the Light Stop Coannihilation and pure Higgsino regions, though a more detailed analysis relaxing the
higgsino and light stop coannihilation requirements we applied here is in progress [50] to ascertain any potential union of these
two significant regions. All points plot satisfy the light Higgs boson mass and relic density observations we outlined in this
work, in addition to rare decay and current LHC SUSY search constraints. The round black dots represent those points that
can also satisfy the recent 2018 Planck Collaboration satellite relic density measurements of Ωh2 = 0.120 ± 0.001.
Aτ , At, Ab, MV , tanβ, Mt). The data results are dis-
tributed across TABLES I - III. The benchmarks models
of TABLES I - III originate via categorization of the vi-
able model space into four dissimilar regions identified by
LSP and NLSP characteristics, to be discussed shortly.
The numerical relic density figures annotated in TA-
BLE III consist only of the SUSY lightest neutralino χ˜01
abundance, therefore regions with numerical values less
than the WMAP9 1σ measurement lower bound of about
Ωh2 ≃ 0.1093 must welcome alternative additions to
the total observed relic density by WMAP9 and Planck.
Given the potential for multi-component dark matter in
regions of low neutralino density, the spin-dependent and
spin-independent cross-section calculations provided in
TABLE III are rescaled per the following expression:
σre-scaledSI(SD) = σSI(SD)
Ωh2
0.1138
(17)
PHENOMENOLOGICAL RESULTS
The model space is constrained per the experimental
constraints detailed in the prior section, with the excep-
tion of the LUX, PandaX-II, and XENON cross-sections,
which we shall evaluate independently of all the other
empirical measurements. Post application of the con-
straints, the surviving viable parameter space consists of
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FIG. 2: Light stau mass M(τ˜1) as a function of the lightest neutralino mass M(χ˜
0
1) for the four regions of the model space we
study in this work. The stau coannihilation strip can be observed in the lower left plot space. All points plot satisfy the light
Higgs boson mass and relic density observations we outlined in this work, in addition to rare decay and current LHC SUSY
search constraints. The round black dots represent those points that can also satisfy the recent 2018 Planck Collaboration
satellite relic density measurements of Ωh2 = 0.120 ± 0.001.
and the NLSP. The four regions are identified as (i) light
stop coannihilation (STOPC), with M(t˜1) − M(χ˜
0
1) ≤
50 GeV; (ii) pure higgsino LSP (HLSP), restricted to
the conditions M(χ˜02)−M(χ˜
0
1) = 9− 10 GeV, M(χ˜
±
1 )−
M(χ˜01) = 3 − 7 GeV, M(χ˜
0
2) < 0, which consistently
generates an LSP greater than 98% higgsino; (iii) Higgs
Funnel (HF), withM(H0/A0) ∼ 2M(χ˜01), where we allow
a tolerance of ±100 GeV on M(H0/A0); and (iv) light
stau coannihilation (STAUC), with M(τ˜±1 ) −M(χ˜
0
1) ≤
20 GeV. The light stop coannihilation, Higgs Funnel, and
light stau coannihilation regions all generate an LSP that
is almost entirely bino. The lower mass boundaries of all
these four regions are essentially defined by the LHC con-
straints, which include the gluino and other ATLAS and
CMS search constraints we shall discuss in the forthcom-
ing paragraphs.
The light stop (t˜1) is the NLSP for all of the stop coan-
nihilation points. The very narrow 2018 Planck relic
density of Ωh2 = 0.120 ± 0.001 can be generated with
M(t˜1) −M(χ˜
0
1) ≃ 35 − 40 GeV. The STOPC region is
illustrated in FIGs. 1 - 4, with FIG. 1 displaying the light
stop mass as a function of the LSP χ˜01, clearly indicat-
ing the light stop coannihilation strip, with the lower end
severed by the most recent LHC constraints. Given that
the small mass delta we require is less than Mt, the light
stop is forced into the decay channel t˜1 → c + χ˜
0
1 and
the gluino will always produce a light stop (g˜ → t˜1t),
as highlighted in TABLE IV. The near degenerate LSP
and light stop in this STOPC channel can evade the cur-
rent ATLAS [51, 52] and CMS [53–56] LHC light stop
searches. Applying the strongest constraints from both
ATLAS and CMS onM(t˜1)−M(χ˜
0
1) andM(t˜1) requires
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FIG. 3: Heavy neutral and pseudoscalar SUSY Higgs mass M(H0/A0) as a function of the lightest neutralino mass M(χ˜01) for
the four regions of the model space we study in this work. The Higgs Funnel region can be observed in the upper right plot
space. All points plot satisfy the light Higgs boson mass and relic density observations we outlined in this work, in addition to
rare decay and current LHC SUSY search constraints. The round black dots represent those points that can also satisfy the
recent 2018 Planck Collaboration satellite relic density measurements of Ωh2 = 0.120 ± 0.001.
us to enforce M(t˜1) > 550 GeV for our given mass delta
ofM(t˜1)−M(χ˜
0
1) ≤ 50 GeV, defining the lower end of the
light stop coannihilation strip in FIG. 1. This constraint
is included in all of FIGs. 1 - 4.
The higgsino spectra are identified by the Higgs bi-
linear mass term µ driven via RGE running below the
gaugino mass terms M1 and M2 at low-energy near elec-
troweak symmetry breaking (EWSB), thus driving the χ˜02
mass negative. This is despite the fact that the µ term
can be larger or smaller than the gaugino mass termsM5
and M1X at the MF scale. The tight constraints applied
within the higgsino region ensure an almost 100% hig-
gsino LSP, though it apparently does prevent any com-
bination of a pure higgsino LSP and light stop NLSP.
This is evident in FIG. 1 by observing the gap be-
tween the HLSP and STOPC points, as no spectra with
M(t˜1)−M(χ˜
0
1) ≤ 50 GeV can also generate a pure hig-
gsino LSP. This notwithstanding, preliminary studies do
show that a STOPC point withM(t˜1)−M(χ˜
0
1) ≤ 50 GeV
can possess an LSP that is dominantly higgsino, for ex-
ample, more than 60% and potentially as high as 80%
or greater. While we do not integrate this more detailed
HLSP+STOPC analysis into this work, it is currently
in progress [50]. Such a combination of a dominantly
higgsino LSP and light stop NLSP is rather difficult to
produce naturally [57], though it has been uncovered in
certain realistic intersecting D6-brane models [58]. As
a result of our tight constraints on the higgsino in or-
der to generate a pure higgsino LSP, most of the hig-
gsino points in FIGs. 1 - 4 have M(t˜1) > M(g˜), thus
we focus on these primary higgsino spectra here in this
work. Unfortunately, as depicted in TABLE IV, there is
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FIG. 4: Illustration of the PandaX-II, LUX, and XENON WIMP-nucleon spin-independent cross-section constraints applied
to the model space studied in this work. The σSI cross-sections have been rescaled in accordance with Eq. (17). All points
plot satisfy the light Higgs boson mass and relic density observations we outlined in this work, in addition to rare decay and
current LHC SUSY search constraints. The round black dots represent those points that can also satisfy the recent 2018 Planck
Collaboration satellite relic density measurements of Ωh2 = 0.120 ± 0.001.
no dominant decay channel to consistent final states for
either the light stop or gluino in the HLSP region. As
can be inferred from TABLE IV and our constraint of
M(χ˜±1 )−M(χ˜
0
1) = 3− 7 GeV, the chargino participates
in the off-shell Standard Model boson mediated decays
χ˜±1 → ud¯/cs¯+χ˜
0
1 (36%/36%) or χ˜
±
1 → l
±+νl+χ˜
0
1 (28%),
and these pure higgsino points have an LHC established
lower bound of about M(χ˜±1 ) ∼ 140 GeV [59], thus we
enforce M(χ˜±1 ) > 140 GeV in FIGs. 1 - 4.
The chargino χ˜±1 is the NLSP for 99.6% of the Higgs
Funnel points, with the remaining 0.4% possessing a stau
NLSP. Nonetheless, only 0.07% of the Higgs Funnel also
resides in the M(τ˜±1 )−M(χ˜
0
1) ≤ 20 GeV stau coannihi-
lation strip. We further observe that 11.5% of the Higgs
Funnel has a dominant higgsino LSP, though only 0.5%
are pure higgsino. The upper right plot space of FIG. 3
clearly shows the HF region with M(H0/A0) plot as a
function of the LSP χ˜01. The minimum heavy Higgs bo-
son mass in the HF region is M(H0/A0) ∼ 800 GeV,
and these H0/A0 near this lower boundary all have
30 ≤ tanβ ≤ 40, and given a branching ratio of more
than 85% for H0/A0 → bb¯, the lightest M(H0/A0) in
our model space persist comfortably beyond current LHC
constraints for BSM Higgs searches [60].
In our light stau coannihilation strip, only 27.6% of the
points have stau NLSP, with the remaining 72.4% having
a chargino χ˜±1 NLSP. As one would expect though, four
nearly degenerate sparticles (χ˜01, χ˜
±
1 , χ˜
0
2, τ˜
±
1 ) greatly sup-
presses the relic density, hence only the stau τ˜±1 NLSP
points with larger χ˜±1 and χ˜
0
2 in the light stau coanni-
hilation strip can generate the observed WMAP9 and
Planck relic density. The light stau coannihilation strip
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TABLE IV: Dominant gluino (g˜) and light stop (t˜1) decay modes for each of the regions of the model space we study in this
work, along with the associated branching ratios. Here, q = (u, d, c, s) and q˜ = (u˜, d˜, c˜, s˜).
Model Dominant Decay Mode Branching Ratio
g˜ → t˜1t 100%
Stop Coannihilation
t˜1 → c+ χ˜01 80− 98%
g˜ → χ˜±1 + t+ b→ qq¯ + t+ b+ χ˜01 ∼ 28%
g˜ → tt¯+ χ˜01 ∼ 14%
Pure Higgsino
t˜1 → g˜ + t ∼ 32%
t˜1 → χ˜±1 + b→ qq¯ + b+ χ˜01 ∼ 16%
g˜ → χ˜±1 + t+ b→ qq¯ + t+ b+ χ˜01
[
M(χ˜±1 )−M(χ˜01) < M(W±)
] ∼ 21%
g˜ → χ˜±1 + t+ b→ W± + t+ b+ χ˜01
[
M(χ˜±1 )−M(χ˜01) > M(W±)
] ∼ 26%
Larger M(t˜1)−M(g˜)
t˜1 → g˜ + t ∼ 48%
t˜1 → χ˜±1 + b→ qq¯ + b+ χ˜01 ∼ 15%
Higgs Funnel
Smaller M(t˜1)−M(g˜)
t˜1 → g˜ + t ∼ 18%
t˜1 → χ˜±1 + b→W± + b+ χ˜01 ∼ 39%
M(g˜)−M(t˜1) > Mt
g˜ → t˜1t→ tt¯+ χ˜01 ∼ 100%
t˜1 → t+ χ˜01 ∼ 100%
Stau Coannihilation
M(g˜)−M(t˜1) < Mt
g˜ → tt¯+ χ˜01 ∼ 6%
t˜1 → χ˜±1 + b→ τ˜±1 + ντ + b→ τ± + ντ + b+ χ˜01 ∼ 18%
is evident in the lower left panel of FIG. 2. We inspect
the most recent ATLAS slepton constraints [59] on com-
pressed spectra, such as we have in the STAUC region,
therefore we attempt to approximately emulate the AT-
LAS slepton exclusions by applying the following con-
straints on our model space, where both conditions for
each must be TRUE for the point to be excluded: (1)
M(τ˜±1 ) < 100 GeV and M(τ˜
±
1 ) −M(χ˜
0
1) > 1 GeV; (2)
100 ≤ M(τ˜±1 ) < 150 GeV and 2 ≤ M(τ˜
±
1 ) −M(χ˜
0
1) ≤
14 GeV; and (3) 150 ≤ M(τ˜±1 ) < 190 GeV and 3 ≤
M(τ˜±1 )−M(χ˜
0
1) ≤ 8 GeV. These restrictions are included
in FIGs. 1 - 4. Notice in constraint (1) just above that we
allow for an off-shell tau lepton τ± less than 1 GeV, an
action that does capture a not insignificant number of vi-
able points, in view of the fact that 10.5% of the STAUC
region has M(τ˜±1 )−M(χ˜
0
1) < 1 GeV. A quick review of
TABLE IV indicates that the stau coannihilation spectra
with light stau NLSP and M(g˜) −M(t˜1) > Mt produce
exclusively a 4-top signature (g˜ → t˜1t→ tt¯+ χ˜
0
1), giving
rise to large multijet events, as is typical in F -SU(5) [20].
The final states are not as clear whenM(g˜)−M(t˜1) < Mt
or M(g˜) < M(t˜1) given that there is no dominant decay
channel in either of these two cases. The model space is
generally split between these two situations, where about
half the STAUC region has M(g˜)−M(t˜1) > Mt and the
other half of the STAUC region has M(g˜)−M(t˜1) < Mt
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or M(g˜) < M(t˜1).
CONCLUSION
With our motivation partially inspired by D-brane
model building, we presented an analysis of non-zero gen-
eral SUSY breaking soft terms in F -SU(5). The method-
ology involved massive parallel computing given the large
number of unknown parameters. While the resulting
viable parameter space was extraordinarily constrained
given the large number of computations, several inter-
esting regions were uncovered that can simultaneously
generate the WMAP and Planck observed relic density
measurements and correct light Higgs boson mass, over
and above satisfying many LHC search constraints. Four
regions that accomplish these rely upon (i) light stop
coannihilation, (ii) pure Higgsino dark matter, (iii) Higgs
funnel, and (iv) light stau coannihilation, though the
pure Higgsino LSP could not reach the observed relic
density due to its large annihilation cross-section. Con-
cluding the analysis was an effort to identify the decay
modes to final states that could represent observable sig-
natures of these four scenarios, discovering that the light
stop coannihilation and light stau coannihilation decay
channels possess very dominant branching fractions. The
light stop coannihilation produces the typical top+charm
quark final state via the gluino decay and the light stau
coannihilation mostly leads to the characteristicF -SU(5)
large multijet event, whereas the pure Higgsino LSP and
Higgs funnel provide no dominant decay channel to final
states. Though possibly furnishing the highest intrigue,
our exploration tentatively revealed that the F -SU(5)
model may indeed harbor a rather diminutive region ex-
hibiting spectra with a mixed scenario of a dominant Hig-
gsino LSP and light stop coannihilation, a rare yet rather
natural SUSY spectrum, but that is the focus of our next
endeavor.
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